X-linked mental retardation (XLMR) is a common cause of inherited intellectual disability with an estimated prevalence of B1/1000 males. Most XLMR conditions are inherited as X-linked recessive traits, although female carriers may manifest usually milder symptoms. We have listed 215 XLMR conditions, subdivided according to their clinical presentation: 149 with specific clinical findings, including 98 syndromes and 51 neuromuscular conditions, and 66 nonspecific (MRX) forms. We also present a map of the 82 XLMR genes cloned to date (November 2007) and a map of the 97 conditions that have been positioned by linkage analysis or cytogenetic breakpoints. We briefly consider the molecular function of known XLMR proteins and discuss the possible strategies to identify the remaining XLMR genes. Final remarks are made on the natural history of XLMR conditions and on diagnostic issues.
Introduction
Mental retardation (MR) is a complex phenotype characterized by suboptimal functioning of the central nervous system (CNS) resulting in 'significant limitations both in intellectual functioning and in adaptive behavior as expressed in conceptual, social and practical adaptive skills,' originating before 18 years of age. 1 It is estimated that from 1 to 3% of the general population is affected with MR. 2, 3 Increasingly, the term 'intellectual disability' is being used instead of 'mental retardation.' 4 MR/intellectual disability can be caused by genetic as well as environmental causes that act on the development and functioning of the CNS prenatally, perinatally or postnatally. 5 Genetic causes of MR include chromosome aneusomies, chromosome structural abnormalities, genomic disorders and monogenic diseases. Such causes account for up to 50% of moderate-to-severe MR, while environmental factors (eg malnutrition, cultural deprivation) play a larger role in the pathogenesis of mild MR. 6 An extended discussion of genes involved in the pathogenesis of MR has been recently provided by Inlow and Restifo 6 and by
Chelly et al, 7 while Francis et al 8 concentrated on genes underlying CNS malformations, which may cause MR and/ or epilepsy. X-linked mental retardation (XLMR) is a common cause of monogenic intellectual disability affecting mostly males, partly accounting for the higher prevalence of MR among males relative to females. 9 However, female carriers may manifest (usually milder) symptoms, possibly because of skewed X-inactivation. 10 -11 A differential expression of X-linked genes in males and females also appears to play a role in mental functioning, as discussed by Skuse. 12 A prevalence of 1.83/1000 males with XLMR had been estimated in 1980 by Herbst and Miller, 13 with the fragile X syndrome being by far the most prevalent condition (B20% of all XLMR cases). 14 However, the finding of a much smaller contribution of individual genes, other than FMR1, to XLMR has recently led to a reduced prevalence estimate of 10 -12% of all MR cases in males. 15 -17 This review represents the eight edition of the XLMR update, first compiled in 1990 by Neri et al. 18 Tables and maps presented here are also available at the XLMR update web site (http://xlmr.interfree.it/home.htm) and complementary information can be found at the Greenwood Genetic Center web site (http://www.ggc.org/xlmr.htm).
Conditions listed in the present update have been identified either by searches of PubMed (http://www.pubmed. gov) or of the Online Mendelian Inheritance in Man (OMIM) database (http://www.ncbi.nlm.nih.gov/entrez/ query.fcgi?db ¼ OMIM). Only few entries have been included based on conference abstracts.
It has been suggested that the concentration of genes causing MR (number of MR genes per megabase) may be twice as high on the X chromosome compared to autosomes. 6 These estimates will be confirmed or disproved only when all MR genes will have been cloned. In any case, one should keep in mind that the identification of X-linked conditions is easier due to the hemizygosity of males, who inevitably manifest a phenotype when harboring a mutant allele. There is only one X-linked condition known that contradicts this inheritance pattern, that is, EFMR or epilepsy and MR limited to females. 19 In this condition, heterozygous females are affected, while hemizygous males are apparently unaffected. The gene responsible for this condition and the mechanism leading to sparing of mutant males are still unknown.
Nosology and classification
Classification of MR can be based on the underlying causes (genetic, environmental or a combination thereof) and/or on their timing (pre-, peri-and postnatal), as discussed by Moog. 20 A more practical subdivision is based on clinical presentation, irrespective of the identification of the causal gene or of the pathogenetic mechanism. In the first edition of the XLMR update, 18 there was already a clinical distinction between specific and nonspecific conditions, the latter being characterized by MR only. Over the years, specific XLMR conditions were subdivided into four classes, 21 -26 Tables S1 -S3  (available online) , where the total number of entries appears to be higher than 215, because all allelic conditions are counted separately. Figure 1 contains an ideogram of the X chromosome with the position of the 82 known XLMR genes. All these genes carry mutations in at least a single family with multiple affected individuals. The three most recent genes were reported at the 13th International Workshop on Fragile X and XLMR and were associated with an Angelman-like syndrome (SLC9A6), 28 with a neurological condition, that is, hyperekplexia and epilepsy (ARHGEF9) 29 -30 and with both a syndromic condition in one family (Supplementary  Table S1 , entry 95) and MRX in two families (HUWE1), 31 respectively. Figures 2 and 3 illustrate the localization by linkage analysis or cytogenetic markers (translocation or inversion breakpoint, microdeletion or duplication) of mapped syndromes and neuromuscular conditions or MRX families, respectively. XLMR genes are spread over the entire X chromosome with a higher density in two For each category and for the total count, mapped conditions and cloned genes are also indicated.
Localization of XLMR genes and conditions
G-negative bands at Xp11.2 (12 genes) and at Xq28 region (12 genes).
The actual role of a few XLMR genes is still uncertain because (a) they were identified in a single family with a missense mutation (eg CASK, EFHC2 and OST6), (b) they were found interrupted by the breakpoint of a balanced translocation or inversion in a single patient (eg KLF8 and ZDHHC15) or (c) they were deleted together with other genes (eg ZNF673, ZNF630, SLC38A5 and BRAF2). Details on these unconfirmed candidate genes have been listed in Supplementary Table S1 ), those in gray preceded by a þ sign cause neuromuscular disorders (Supplementary Table S2 ), while those written in gray preceded by an asterisk are involved in nonspecific (MRX) conditions (Supplementary Table S3 ).
Xq28
. 32 -35 Although several other genes are included in the duplication, MECP2 is the only one to be present in all cases. 33 Recent observations suggest that duplications are quite common in XLMR patients. 36 For example, a recurrent duplication in Xp11.22 that harbors at least three genes (RIBC1, HADH2 and HUWE1) has been characterized by Froyen et al 31 in six different pedigrees, including MRX17 and MRX31 (see Supplementary Table  S3c ). However, in such cases, the pathogenic role of individual genes included in the duplication is difficult to sort out. Functional studies and the establishment of animal models (eg mice overexpressing PLP 37 ) will eventually clarify these issues. Figure 4 summarizes (a) the subcellular localization and (b) the biological function of XLMR gene protein products. These proteins can be found in all cell compartments: 30% in the nucleus, 28% in the cytoplasm and 16% in the organelles, while 22% are either membrane bound or secreted ( Figure 4a ). Their function is mainly related to signal transduction (19%) and regulation of transcription (22%), which may be considered the last step in the signaling cascade ( Figure 4b ). Many of the proteins indicated as 'membrane component' (15%) are also likely to play a role in signal transduction. However, a relevant portion of XLMR proteins is involved in different biological pathways, such as core metabolism (15%), DNA and RNA processing (6%), protein synthesis (3%), regulation of cell cycle and ubiquitin pathway (7%). These fundamental processes may disproportionately affect cognition because of a brain-specific expression pattern of the corresponding genes. It is important to note that XLMR genes may be expressed in the brain but not in neurons; for example, PLP1 encodes for the proteolipid protein 1, a major component of myelin that is expressed exclusively in oligodendrocytes, that is, in the supporting cells belonging to the glia. 37 The last column in Table 2 indicates whether a given protein localizes to synapses, according to data recently published by Laumonnier et al 38 and also available at the Web site of the Genes to Cognition Programme of the Wellcome Trust (http://www.genes2cognition.org/). Supplementary Table S1 ), while the 16 neuromuscular disorders are written in gray preceded by a þ sign (see Supplementary Table S2 ).
Molecular function of XLMR gene products
Laumonnier et al 38 list 39 proteins encoded by X-linked genes that belong to the synaptic proteome and indicate that 19 of these are known XLMR genes. It is important to note that, according to these authors, synaptosome preparations appear to include mitochondrial proteins (PDHA1 and HADH2), but surprisingly also a nuclear protein such as the DNA helicase ATRX. In contrast, some less represented transmembrane proteins may have gone undetected in the synaptic proteome (eg TM4SF2/TSPAN7) and were therefore not listed. One final note should be made about microRNAs (miRNA) and noncoding RNAs (ncRNA) transcribed by X-chromosomal loci, because their mutation may also potentially cause XLMR or other X-linked inherited disorders. miRNA plays a role in controlling the expression of target genes at the post transcriptional level, and their deletion may affect the stability of several target RNA molecules. Chen et al 39 selected 13
brain-expressed X-chromosomal miRNA genes and looked for mutations or deletions in a cohort of 464 XLMR patients. These authors identified only four nucleotide substitutions in the precursors of three miRNAs, but one was absent in the patient's affected brother and another one was found in 1 out of 183 normal control males, while two variants cosegregating with the disease in the third pedigree did not appear to have a significant effect on mir-222 processing. 39 Gecz 40 identified FMR3, a noncoding RNA transcribed from the same CpG island containing the promoter of the FMR2 gene, but in the opposite direction. Transcription of this ncRNA is also abolished in the presence of CCG triplet repeat expansion in patients expressing the FRAXE fragile site. 40 Recently, while screening 441 Brazilian males with MR for FRAXE expansion, Santos-Reboucas et al 41 described a 58-bp deletion immediately distal to the CCG repeat that abolishes FMR3 but not FMR2 transcription, suggesting a role of this ncRNA in normal mental functioning. Currently, these miRNA and ncRNA genes, possibly involved in or contributing to XLMR, are not listed in this catalogue.
Strategies for candidate gene identification
The search for XLMR genes is going to continue and it is difficult to estimate how many of the B900 X-linked protein-coding genes listed in the ENSEMBL database Figure 3 Ideogram of the X chromosome with the position of the 50 MRX pedigrees with mapping information available (see Supplementary   Table S3 ). Vertical bars indicate the linkage/cytogenetic intervals and numbers next to them correspond to individual MRX families/cases. Known MRX genes are indicated on the left side of the X chromosome and numbers in parentheses next to gene names correspond to the original MRX pedigrees.
XLMR update 2007
P Chiurazzi et al 42 approximately 40% of these genes are expressed in the brain (although not exclusively), suggesting that the actual number of XLMR genes might be much higher than the 82 presently known, possibly reaching 200. What are the possible strategies for the identification of the remaining XLMR genes? The most comprehensive approach would be highthroughput genomic DNA resequencing of all genes on the X chromosome. One such international collaborative program has been underway since 2002. 43 The sequencing is based at the Sanger Institute and supported by the Wellcome Trust. A cohort of 250 XLMR families, Genes whose symbol is preceded by a + sign are involved in neuromuscular disorders (Supplementary Table S2 ), while those with an asterisk are involved in nonspecific (MRX) conditions (Supplementary Table S3 ). All other genes are involved in XLMR syndromes (Supplementary Table S1 ). Cytogenetic localization and the gene's OMIM number are indicated in columns 3 and 4, respectively. The name of the corresponding protein, its subcellular localization, biological function and eventual synaptic localization are reported in columns 5 -8. *These genes are involved in nonspecific (MRX) conditions (column 1). contributed by groups at Cambridge University (UK), Greenwood Genetic Center (USA) and Newcastle and Adelaide University (Australia), is utilized as starting material. Since 2004, this international collaboration has identified eight XLMR genes (DLG3, AP1S2, CUL4B, MED12, ZDHHC9, BRWD3, UPF3B and HUWE1).
A mutational screening of 47 brain-expressed genes from a 7.4 Mb region in Xp11 was undertaken by the EuroMRX consortium 44 and since 2003 it has led to the identification of four genes (FTSJ1, JARID1C, PQBP1 and PHF8). However, such high-throughput resequencing approaches have their pitfalls and there are no guarantees that all or even the majority of mutations will be identified. The associated high cost, quality of the clinical material as well as the nature (eg duplications) and position (eg outside the coding regions) of the mutation are among the major complications. A candidate gene approach may provide a more focused alternative. Potential candidate genes might belong to at least three categories: (1) genes that are highly expressed in the brain (although many XLMR genes have a fairly 'flat' expression profile, ie they are transcribed at similar levels in several different tissues); (2) paralogues of known XLMR genes, because the corresponding proteins may have similar function (eg NLGN4 and NLGN3); (3) genes encoding proteins that interact with known XLMR proteins, because they cooperate in the same molecular pathways for example, members of the synaptic proteome such as those listed by Laumonnier et al. 38 However, the protein encoded by a known XLMR gene may also interact with the mRNA of other target genes, as recently described for FMRP and the PSD95 mRNA. 45 Therefore, the third criterion might be extended to include genes encoding proteins and/or mRNAs that interact with known XLMR proteins. The three above-mentioned criteria might also be used for selecting autosomal genes potentially involved in inherited MR. For example, the gene encoding the PSD95/ SAP90 protein is DLG4, a paralogue of the XLMR gene DLG3. This gene is located on chromosome 17p and represents a potential candidate gene for autosomal MR. The identification of a chromosome abnormality, such as a reciprocal translocation or a cryptic (submicroscopic) deletion or duplication, may also be extremely helpful in localizing a candidate gene, even in sporadic cases. Subtelomeric translocations have been identified by FISH analysis in up to 5% of patients with a family history of MR and dysmorphic features. 46 More recently, application of array technology to perform comparative genome hybridization (array-CGH) has allowed detection of submicroscopic deletions and duplications that would have been missed by both standard karyotyping and subtelomeric FISH. 47 -48 
Natural history of the XLMR catalogue
Thirty-nine conditions were listed in the first edition of the catalogue, 18 17 had been localized by linkage analysis and no XLMR gene had been identified yet. The FMR1 gene, which is inactivated in the fragile X syndrome and was the first gene responsible for XLMR to be cloned, was discovered just few months later. Figure 5 illustrates the numbers of XLMR conditions (total, mapped and cloned) at different intervals over the last 17 years (1990 -2007) . The total number of entries has reached a plateau around 200, but this is not due to the absence of new reports of X-linked families and clinical entities. It rather reflects a balance between the new entries and those that are 'lumped' together because they were shown to have a mutation in the same gene. In contrast, the number of cloned genes has more than doubled since 2001 and the number of conditions without a gene or at least a locus has decreased to less than 20% of the total number. Some of these latter conditions have been described more than 20 years ago and no sources of DNA might be currently available. Therefore, these 'orphan' entries might never be linked to known XLMR genes unless clinicians contact the families again and establish cell lines to secure a reliable source of DNA and RNA from the index cases. This is obviously true also for every new family identified and reported today.
The natural history of XLMR conditions has thus changed over the last 17 years: while linkage studies on large pedigrees assisted in mapping well-characterized clinical conditions on the X chromosome and candidate gene screening was slowly conducted, nowadays candidate genes abound and large numbers of patients (familial as well as isolated cases) are being screened in search of mutations.
Diagnostic issues
Approximately 50% of children with MR referred to a tertiary care center will receive a causal diagnosis, with clinical history and physical examination being the first and most important steps in the diagnostic process. Karnebeek et al. 56 This latter review provides an evidencebased information on the usefulness of various diagnostic procedures and is adaptable to the evaluation of potential XLMR patients. Briefly, collection of family history and physical examination (including a dysmorphological and neurological evaluation) are mandatory for every proband. Standard cytogenetic studies should then be performed unless a different cause is already suspected, while FISH analysis for subtelomeric rearrangements may be restricted to a subset of patients with dysmorphic features and/or positive family history. Array-CGH for the identification of cryptic deletions/duplications would represent a further step and may become increasingly common as the price of (micro)arrays decreases. Molecular testing for fragile X syndrome should also be done on all boys and girls lacking another diagnosis, while testing for the ARX recurrent mutation (dup24 bp) can be added in the presence of epilepsy and/or dystonia. 57 Search for duplication of the MECP2 region may be warranted in any male with congenital hypotonia and significant delay. 34 Figure 5 Bar chart illustrating the historical progress in the identification of X-linked MR conditions as listed in the various XLMR updates since 1990. The total number of conditions has apparently reached a plateau in 2000, while the number of cloned genes (black) continue to increase at the expense of mapped (gray) and unmapped (white) XLMR conditions. The total number of catalogue entries, of mapped conditions and of cloned XLMR genes is also tabulated.
example, phacomatosis. 59 Finally, simple tests of urine, blood and cerebrospinal fluid may lead to a diagnosis of a metabolic disorder, even in the absence of clear dysmorphic features or neurological symptoms like epilepsy. 60 Metabolic brain imaging (magnetic resonance spectroscopy) has also helped to uncover biochemical abnormalities within the brain, such as a deficit of the creatine transporter encoded by the SLC6A8 gene. Creatine transporter deficiency has been recently suggested to account for 1% of males with MR of unknown etiology 61 and can be easily suspected in the presence of an increased creatine/creatinine ratio in urine. It goes without saying that in the clinical practice the diagnostic approach will result from a balance between the opinion of the expert clinician, the available means and the affordable costs.
Patients and families will have to be involved in a comprehensive genetic counseling leading them to understand the possibilities, but also the limits, of current clinical and molecular genetics.
